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Melanoplus sanguinipes entomopoxvirus (MsEPV) encodes a 328 amino acid polypeptide related to the type I topoisom-
erases of six other genera of vertebrate and insect poxviruses. The gene encoding MsEPV topoisomerase was expressed
in bacteria, and the recombinant protein was purified by ion-exchange chromatography and glycerol gradient sedimentation.
MsEPV topoisomerase, a monomeric protein, catalyzed the relaxation of supercoiled plasmid DNA at ;0.6 supercoils/s. Like
other poxvirus topoisomerases, the MsEPV enzyme formed a covalent adduct with duplex DNA at the target sequence
CCCTT2. The kinetic and equilibrium parameters of the DNA transesterification reaction of MsEPV topoisomerase were
kcl 5 0.3 s
21 and Kcl 5 0.25. The introduction of a 59-bridging phosphorothiolate at the scissile phosphate increased the
cleavage equilibrium constant from 0.25 to $30. Similar phosphorothiolate effects were observed with vaccinia topoisom-
erase. Kinetic analysis of single-turnover cleavage and religation reactions established that the altered equilibrium was the
result of a ;1024 decrement in the rate of topoisomerase-catalyzed attack of 59-SH DNA on the DNA-(39-phosphotyrosyl)-
enzyme intermediate. 59-bridging phosphorothiolates at the scissile phosphate and other positions within the CCCTT element
had no significant effect on kcl. © 1999 Academic PressINTRODUCTION crystallographic studies of the human and vaccinia en-
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dThe type IB family of DNA topoisomerases includes
he eukaryotic nuclear topoisomerase I enzymes and the
opoisomerases encoded by vaccinia and other cyto-
lasmic poxviruses. Type IB enzymes relax supercoiled
NA via a common reaction mechanism, which entails
oncovalent binding of the topoisomerase to duplex
NA, transesterification to one DNA strand with concom-
tant formation of a covalent DNA-(39-phosphotyrosyl)-
rotein intermediate, strand passage, and strand religa-
ion.
Vaccinia topoisomerase, discovered by Bauer et al.
1977), has emerged as a model system for mechanistic
nalysis of the eukaryotic type I family, due to the en-
yme’s small size (314 amino acids), the ease of prepar-
ng large quantities of recombinant protein, and, most
mportant, the stringent site specificity of the vaccinia
nzyme in DNA transesterification (Shuman, 1998). Vac-
inia topoisomerase forms a covalent adduct at the pen-
apyrimidine target sequence (T/C)CCTT2 (Shuman and
rescott, 1990; Shuman, 1991). This property has facili-
ated a detailed analysis of the component steps of the
opoisomerase reaction cycle using defined DNA sub-
trates containing a single CCCTT2 cleavage site. The
ellular type IB enzymes display a different, less strin-
ent site specificity.
Mutational analysis of the vaccinia topoisomerase and
1 To whom reprint requests should be addressed.441ymes have shown that the poxvirus and cellular pro-
eins use a common structural basis for transesterifica-
ion chemistry (Petersen and Shuman, 1997; Cheng et al.,
997, 1998; Wittschieben and Shuman, 1997; Redinbo et
l., 1998, 1999). However, the structural basis for cleav-
ge site preference is considerably less clear, notwith-
tanding the fact that the human topoisomerase has
een cocrystallized bound to duplex DNA. Efforts to
ocrystallize vaccinia topoisomerase bound to its target
ite have not been successful.
The large number of poxvirus genera affords an op-
ortunity for phylogenetic analysis of type IB topoisom-
rases. The poxviruses consist of two subfamilies: ver-
ebrate poxviruses (Chordopoxvirinae) and insect poxvi-
uses (Entomopoxvirinae). Topoisomerase genes have
een sequenced in vaccinia (genus Orthopoxvirus) and
our other genera of vertebrate poxviruses, including
hope fibroma virus (SFV; Leporipoxvirus), Orf virus (OV;
arapoxvirus), fowlpox virus (FPV; Avipoxvirus), and
olluscum contagiosum virus (MCV; Molluscipoxvirus)
Shuman and Moss, 1987; Upton et al., 1990; Klemperer
t al., 1995; Zantinge et al., 1996; Senkevich et al., 1997).
airwise comparisons of the vertebrate poxvirus topo-
somerase protein sequences typically reveal about 50%
mino acid identity. The SFV, OV, and MCV proteins have
een expressed in bacteria and shown to relax super-
oiled DNA. These topoisomerases specifically form a
ovalent protein–DNA adduct at the same pentapyrimi-
ine target site used by the vaccinia topoisomerase0042-6822/99 $30.00
Copyright © 1999 by Academic Press
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442 KROGH ET AL.Klemperer et al., 1995; Palaniyar et al., 1996; Hwang et
l., 1998). The enzymatic activity and specificity of the
PV topoisomerase have not been reported.
There are three genera of insect poxviruses (A, B, and
). The genus B viruses, which infect moths and grass-
oppers, include the Amsacta moorei entomopoxvirus
AmEPV) and the Melanoplus sanguinipes entomopoxvi-
us (MsEPV). AmEPV encodes a 333 amino acid type I
opoisomerase that forms a covalent adduct at the same
CCTT target site as the vaccinia enzyme (Petersen et
l., 1997). Unfortunately, the low level of expression of
ecombinant AmEPV topoisomerase makes it a poor
andidate for crystallization.
Sequencing of the complete MsEPV genome by
fonso et al. (1999) revealed an open reading frame
FIG. 1. Amino acid sequence alignment of poxvirus topoisomerases.
he topoisomerases encoded by other poxviruses: AmEPV (Am), VV (v
onserved in all seven proteins are denoted by dots. The active site ty
nd/or noncovalent DNA binding by the vaccinia topoisomerase are dncoding a 328 amino acid topoisomerase-like polypep-
ide. The MsEPV protein is most similar to AmEPV topo-
somerase (59% amino acid identity); the MsEPV
olypeptide displays only 25–30% identity to the verte-
rate poxvirus topoisomerases. An alignment of the se-
uences of all seven poxvirus topoisomerases is shown
n Fig. 1. A total of 46 amino acid side chains are iden-
ical in all seven viral topoisomerases; in addition, there
re 55 positions of side chain similarity in the seven
roteins. (The 101 conserved positions are denoted by
ots in Fig. 1.) The presumptive tyrosine nucleophile of
he MsEPV protein is situated near the C-terminus within
he SKxxY motif characteristic of cellular and viral type IB
opoisomerases. Fourteen additional amino acids, impli-
ated in either transesterification chemistry or noncova-
ino acid sequence of the MsEPV topoisomerase (Ms) is aligned with
(sf), MCV (mc), OV (ov), and FPV (fp). Residues that are identical or
and other 14 conserved residues involved in DNA transesterification
ted by shaded boxes.The am
v), SFV
rosine
emarca
lent DNA binding by vaccinia topoisomerase (Sekiguchi
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443ENTOMOPOXVIRUS DNA TOPOISOMERASEnd Shuman, 1996, 1997; Petersen and Shuman, 1997;
ang et al., 1997; Cheng et al., 1997; Wittschieben and
human, 1998; Klemperer and Traktman, 1993), are con-
erved in the MsEPV protein and every other poxvirus
opoisomerase. (These are depicted in shaded boxes in
ig. 1.)
Here, we characterize the topoisomerase activity of
he MsEPV protein and its activity in DNA transesterifi-
ation. We find that MsEPV topoisomerase cleaves
CCTT-containing DNA. The kinetic and equilibrium pa-
ameters of transesterification by MsEPV topoisomerase
re similar to those of the vaccinia enzyme. We show that
he covalent adduct formed by MsEPV and vaccinia
opoisomerases on a duplex DNA ligand can be trapped
y 59-phosphorothiolate substitution at the scissile phos-
hate.
RESULTS
xpression and purification of recombinant MsEPV
opoisomerase
The MsEPV open reading frame was amplified by PCR
nd cloned into a T7 RNA polymerase-based bacterial
xpression vector. The pET-Ms-topo plasmid was intro-
uced into Escherichia coli BL21. Expression of the target
ene was induced by infection with bacteriophage lCE6.
his phage contains the gene encoding T7 RNA poly-
erase. An EDTA-resistant DNA relaxing activity was
etectable in soluble extracts of infected bacteria (not
hown). Incubation of the soluble extract with a 59 32P-
abeled “suicide” substrate containing a single CCCTT
leavage site resulted in the transfer of the 59-radiola-
eled CCCTT-containing strand to the MsEPV topoisom-
rase polypeptide to form a discrete SDS-resistant pro-
ein–DNA complex that was detectable by SDS–PAGE
Fig. 2B, lane L). The MsEPV topoisomerase-DNA adduct
igrated at ;44 kDa, a size consistent with linkage of a
2-mer DNA to the 328 amino acid MsEPV enzyme. Free
NA migrated at the dye front. Incubation of the same
CCTT-containing substrate with the purified recombi-
ant vaccinia topoisomerase resulted in the formation of
discrete protein–DNA adduct migrating at ;42 kDa
uring SDS–PAGE (Fig. 2B, lane V). The slightly reduced
obility of the MsEPV topoisomerase–DNA complex
ompared with the vaccinia covalent adduct is in keep-
ng with the larger size of the MsEPV polypeptide.
The MsEPV topoisomerase was purified from the sol-
ble bacterial lysate by ion exchange chromatography.
he lysate was adsorbed to a column of phosphocellu-
ose, which was serially step-eluted with 0.2 and 0.4 M
aCl and then developed with a linear gradient of 0.4–1
NaCl. Activity was monitored by covalent adduct for-
ation on the suicide substrate (Fig. 2B), and the
olypeptide compositions of the phosphocellulose col-
mn fractions were analyzed by SDS–PAGE (Fig. 2A). The
ransesterification activity eluted from phosphocelluloses a discrete peak at 0.7 M NaCl (gradient fractions 7–9
n Fig. 2B). The activity profile correlated with the elution
f a ;35-kDa polypeptide that we surmise corresponds
o recombinant MsEPV topoisomerase (Fig. 2A and later
ata). The specific DNA transesterification activities of
he soluble lysate (0.013 pmol of DNA bound co-
alently/mg protein) and the phosphocellulose prepara-
ion (2.6 pmol of DNA bound covalently/mg protein) were
auged by protein titration. The 200-fold increase in
pecific activity at the phosphocellulose step reflected
oth enrichment of the MsEPV topoisomerase and re-
oval of interfering factors present in the crude bacterial
ysate.
The phosphocellulose enzyme fraction was applied to
column of heparin agarose, which was then developed
ith a linear gradient of 0.2–1 M NaCl. The transesteri-
ication activity adsorbed to the resin and was eluted as
discrete peak at 0.5 M NaCl (not shown). The specific
ctivity of the heparin agarose peak fraction (10.5 pmol of
NA bound covalently/mg protein) indicated a further
ourfold purification at the heparin agarose step. SDS–
FIG. 2. Phosphocellulose chromatography. (A) Polypeptide composi-
ion. Aliquots (20 ml) of the soluble bacterial lysate (L), the phospho-
ellulose flow-through (F), the 0.2 M NaCl and 0.4 M NaCl washes (0.2
nd 0.4), and sequential fractions from the salt gradient elution (1–10)
ere analyzed by SDS–PAGE. The gel was stained with Coomassie
lue dye. The positions and sizes of marker polypeptides are indicated
n the left. (B) DNA transesterification. Reaction mixtures (20 ml) con-
aining 0.3 pmol of 32P-labeled 18-mer/30-mer substrate and 1 ml of the
ndicated fractions were incubated for 5 min at 37°C. Control reactions
ontaining 75 ng of purified vaccinia topoisomerase (V) or lacking input
nzyme (2) were incubated in parallel. The samples were denatured in
DS and analyzed by SDS–PAGE. An autoradiogram of the gel is
hown.
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444 KROGH ET AL.AGE analysis of the heparin agarose peak fraction re-
ealed a predominant 35-kDa polypeptide and several
ower-molecular-weight contaminants (Fig. 3A, lane L).
FIG. 3. Sedimentation of MsEPV topoisomerase in a glycerol gradi-
nt. Sedimentation was performed as described in Methods and Ma-
erials. (A) Polypeptide composition of the glycerol gradient fractions.
liquots of the input heparin agarose fraction (10 ml, lane L) and the
ndicated glycerol gradient fractions (50 ml) were analyzed by SDS–
AGE. Polypeptides were visualized by staining the gel with Coomassie
lue dye. The positions and sizes (in kDa) of coelectrophoresed marker
roteins are indicated on the left. The MsEPV topoisomerase polypep-
ide is indicated by an arrow on the right. (B) DNA relaxation. Reaction
ixtures (20 ml) containing 50 mM Tris–HCl (pH 7.5), 2.5 mM EDTA, 100
M NaCl, 0.3 mg of pUC19 DNA, and 0.1 ml of the indicated gradient
ractions were incubated for 5 min at 37°C. The reaction products were
nalyzed by agarose gel electrophoresis. DNA was visualized by staining
ith ethidium bromide. (C) DNA transesterification. Reaction mixtures (20
l) containing 0.3 pmol of 32P-labeled suicide substrate and 0.3 ml of the
ndicated gradient fractions were incubated for 5 min at 37°C.The heparin agarose preparation of recombinant
sEPV topoisomerase was centrifuged through a 15–
0% glycerol gradient in 0.4 M NaCl (Fig. 3). A single
eak of DNA supercoil relaxation activity was detected in
ractions 19–23 that resulted in conversion of the rapidly
igrating supercoiled plasmid DNA substrate into a
ore slowly migrating relaxed species (Fig. 3B). Parallel
lectrophoretic analysis in the presence of ethidium bro-
ide confirmed that the DNA products were indeed
ovalently closed circular molecules and not nicked cir-
les (not shown). Thus the activity was that of a topo-
somerase, not an endonuclease. Transesterification ac-
ivity on the suicide cleavage substrate was coincident
ith the DNA relaxation activity profile; the activity peak
as positioned between marker proteins BSA and cyto-
hrome c, which were sedimented in a parallel gradient
Fig. 3C). SDS–PAGE analysis of the polypeptide compo-
ition of the gradient fractions revealed a ;35-kDa
olypeptide in fractions 19–23 (Fig. 3A). The lower-mo-
ecular-weight contaminants sedimented more slowly
nd were partially resolved from the MsEPV topoisom-
rase during the sedimentation step.
To accurately determine the sedimentation coefficient
f MsEPV topoisomerase, we mixed the recombinant
nzyme with marker proteins catalase, BSA, and cyto-
hrome c and sedimented the mixture through a 15–30%
lycerol gradient. The transesterification activity profile
f the topoisomerase was compared with the sedimen-
ation profiles of the three markers, which were gauged
y SDS–PAGE. A plot of the S value versus fraction
umber yielded a straight line (not shown). A sedimen-
ation coefficient of 3.1 S for the MsEPV topoisomerase
as calculated by extrapolation to the internal standard
urve. Assuming that the MsEPV protein is globular in
hape, the sedimentation results suggest that the topo-
somerase is a monomer.
actors affecting the rate of DNA relaxation by
sEPV topoisomerase
We examined the influence of salt and magnesium on
he kinetics of DNA relaxation by MsEPV topoisomerase.
n the presence of 100 mM NaCl and 5 mM magnesium,
e observed that 2.7 ng of topoisomerase relaxed 0.3 mg
f supercoiled pUC19 DNA to completion in 1 min (Fig. 4;
aCl 1 MgCl2). From this datum, we estimate a turnover
umber of ;0.6 supercoils relaxed/enzyme/s. This is
omparable to the DNA relaxation rates of 2.3 and 1.6
upercoils/s reported for vaccinia and MCV topoisomer-
ses, respectively (Shuman et al., 1988; Hwang et al.,
998).
When NaCl and magnesium were omitted, relaxation
as extremely slow, with about half of the input DNA
eing relaxed in 60 min (Fig. 4; No Additions). Thus the
ombination of NaCl and magnesium increased the re-
ction rate by 2 orders of magnitude. The addition of 100
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445ENTOMOPOXVIRUS DNA TOPOISOMERASEM NaCl by itself stimulated relaxation by MsEPV topo-
somerase, such that the input DNA was relaxed to
ompletion in 15–30 min (Fig. 4, NaCl). Magnesium by
tself was a more potent activator than salt, with all of the
ubstrate being relaxed in 5 min.
Previous studies of solute effects on the vaccinia en-
yme showed that salt and magnesium stimulate DNA
elaxation under conditions of DNA excess by promoting
issociation of the topoisomerase from the relaxed DNA
roducts to allow binding to a new molecule of super-
oiled substrate (Stivers et al., 1994; Sekiguchi and Shu-
an, 1994b). We presume this is the case for the MsEPV
opoisomerase as well. It is noteworthy that the AmEPV
opoisomerase is not stimulated by salt or magnesium,
dded individually or in combination (Petersen et al.,
997). This suggests that the rate-limiting step for relax-
tion by vaccinia and MsEPV topoisomerases differs
rom that of the AmEPV topoisomerase. This is remark-
ble given that MsEPV topoisomerase is structurally
ore similar to AmEPV topoisomerase than it is to the
rthopoxvirus topoisomerase.
haracterization of the single-turnover DNA cleavage
nd religation reactions
Covalent complex formation by topoisomerase on the
8-mer/30-mer suicide substrate is accompanied by dis-
ociation of the 39 portion of the cleaved strand, a 6-nu-
leotide leaving group. With no readily available accep-
or for religation, the topoisomerase becomes covalently
FIG. 4. Effects of salt and magnesium on the rate of DNA relaxation.
he unsupplemented control reaction mixture (No Additions) contained
per 20 ml) 50 mM Tris–HCl (pH 7.5), 2.5 mM EDTA, 0.3 mg of pUC19
NA, and 2.7 ng of MsEPV topoisomerase. Other reaction mixtures
ere supplemented with 0.1 M NaCl and/or 5 mM MgCl2 as indicated.
EDTA was omitted from the 1Mg reaction mixtures.) The reactions
ere initiated by the addition of enzyme. Aliquots (20 ml) were with-
rawn at the times indicated and quenched immediately by the addition
f SDS. The time zero sample was withdrawn before the addition of
nzyme.ormation by the MsEPV topoisomerase (glycerol gradi-
nt fraction) during a 15-min reaction with the suicide
ubstrate was proportional to added enzyme; 95% of the
nput DNA became covalently bound at saturation (Fig.
). A kinetic analysis of single-turnover cleavage was
erformed at a 6:1 molar ratio of MsEPV topoisomerase
o DNA. The amount of covalent adduct formed at 5 s
as 80% of the endpoint value. We used this datum to
stimate a cleavage rate constant of 0.3 s21. This value is
imilar to the cleavage rate constant of vaccinia topo-
somerase on the same substrate.
Religation of the cleaved CCCTT strand occurs by
ttack of a 59 OH-terminated polynucleotide on the 39
hosphodiester bond between tyrosine and the DNA.
his transesterification step can be studied indepen-
ently of strand cleavage by assaying the ability of a
reformed topoisomerase–DNA complex to religate the
ovalently held 59 32P-labeled strand to an unlabeled
eterologous acceptor strand under single-turnover con-
itions (Shuman, 1992). MsEPV topoisomerase was in-
ubated with the 18-mer/30-mer suicide substrate for 5
in to form the covalent intermediate. A 50-fold molar
xcess of an 18-mer acceptor strand (59-ATTCCGATAGT-
ACTACA) complementary to the 59 tail of the covalent
opoisomerase–DNA complex was then added to the
eaction mixture while simultaneously increasing the
onic strength to 0.5 M NaCl. The addition of NaCl during
he religation phase promotes dissociation of the topo-
somerase after strand closure and prevents recleavage
f the strand transfer product. Religation of the covalently
eld 59 32P-labeled 12-mer to the 18-mer acceptor yielded
32P-labeled 30-nucleotide strand transfer product (not
hown). The MsEPV topoisomerase transferred 88% of
he input CCCTT-containing strand to the exogenous
FIG. 5. Single-turnover DNA cleavage. Reaction mixtures (20 ml)
ontaining 0.3 pmol of DNA substrate and the indicated amounts of the
lycerol gradient MsEPV topoisomerase preparation were incubated
or 15 min at 37°C. The fraction of radiolabeled DNA (percent of total)
ransferred to the topoisomerase polypeptide is plotted as a function of
nput enzyme.
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446 KROGH ET AL.cceptor. The extent of religation at the earliest time
oint analyzed (5 s) was 92% of the endpoint value. We
sed this datum to estimate a religation rate constant of
0.5 s21. Similar rates of single-turnover religation are
bserved for vaccinia topoisomerase.
quilibrium cleavage
We used a DNA duplex containing a CCCTT cleavage
ite with 12-bp upstream and 22-bp downstream of the
cissile bond to study DNA cleavage by MsEPV topo-
somerase under equilibrium conditions (Fig. 6). The
ransesterification reaction proceeds to equilibrium
rather than to completion, as on the suicide substrate)
ecause increasing the length of the duplex segment 39
f the scissile bond prevents dissociation of the nonco-
alently held 39 portion of the cleaved strand from the
ovalent topoisomerase–DNA complex. Cleavage of the
4-mer strand by MsEPV topoisomerase was linear up to
1 pmol of protein and saturated thereafter, at which
oint 20% of the substrate was cleaved (Fig. 6A). The
leavage equilibrium constant is defined as the ratio of
ovalently bound DNA to noncovalently bound DNA at
aturating enzyme. From the results of Fig. 6A, we cal-
ulated a cleavage equilibrium constant (Kcl) of 0.25.
eaction of vaccinia topoisomerase with the same sub-
trate yielded 26% covalent adduct at saturating levels of
nput enzyme (Kcl 5 0.35) (Fig. 6B).
ffects of a 59-bridging phosphorothiolate substitution
t the scissile phosphate
Burgin et al. (1995) have shown that introduction of a
ingle 59-bridging phosphorothiolate (C39-O-[PO2]-S-C59)
FIG. 6. Effects of a 59-bridging phosphorothiolate at the scissile pho
he cleavage site indicated by the arrow. The 59 32P-labeled scissile
9-bridging phosphorothiolate Tp2(s)A was hybridized to a fourfold mo
ontaining 0.3 pmol of 34-mer/60-mer and MsEPV topoisomerase as
ontaining 0.5 pmol of 34-mer/60-mer and vaccinia topoisomerase as
ormation is plotted as a function of input protein. The structure of thet the scissile phosphodiester of an equilibrium duplex
ubstrate results in the trapping of l integrase in the
ovalent state. Similar effects of bridging phosphorothio-
ate substitution at the scissile phosphate have been
eported for mammalian topoisomerase I (Burgin et al.,
995; Redinbo et al., 1998). Indeed, the use of a phos-
horothiolate-substituted DNA ligand was critical in ob-
aining crystals of human topoisomerase I bound co-
alently to DNA (Redinbo et al., 1998).
The explanation put forward for the observed altered
quilibrium is that the 59 sulfhydryl leaving strand in the
leavage reaction is a relatively poor nucleophile in the
eligation step. However, the bridging thio effects on the
ates of the component cleavage and religation steps
ave not been accurately quantified using cleavage sub-
trates differing only at the scissile phosphate and reli-
ation conditions that measure transesterification by the
ovalent enzyme–DNA intermediate. Because the site-
pecific transesterification reactions of poxvirus topo-
somerases are kinetically well characterized, we set out
o use the poxvirus enzymes to quantitatively evaluate
he basis for the bridging thio effect. In addition, we
anted to evaluate phosphorothiolate-substituted DNAs
s candidate ligands for cocrystallization trials.
First we compared the reactivity of MsEPV and vac-
inia topoisomerases with equilibrium substrates con-
aining a 34-mer scissile strand with either a standard
hosphodiester Tp2A or a 59-bridging phosphorothio-
ate Tp2(s)A at the cleavage site (Fig. 6). The enzyme-
ependence of covalent complex formation on the thio
ubstrate was identical to that of the standard DNA
implying no effect of the thio substitution on site affinity),
on equilibrium cleavage. The 34-mer/60-mer substrate is shown with
, containing either a standard Tp2A scissile phosphodiester or a
ss of the complementary 60-mer strand. (A) Reaction mixtures (20 ml)
ed were incubated for 15 min at 37°C. (B) Reaction mixtures (20 ml)
ed were incubated for 15 min at 37°C. The extent of covalent adduct
)A dinucleotide is shown on the left.sphate
strand
lar exce
specifi
specifi
Tp2(s
but the yield of covalent adduct at saturating levels of the
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447ENTOMOPOXVIRUS DNA TOPOISOMERASEsEPV and vaccinia enzymes was increased to 97%
Figs. 6A and 6B). Thus the Kcl value was shifted from
.25–0.35 to $30. It is not clear whether the residual 3%
ncleaved phosphorothiolate-substituted DNA repre-
ents noncovalently bound duplex substrate at equilib-
ium or a small fraction of the radiolabeled scissile
trand that did not anneal to the complementary strand
nd therefore was unreactive. Note that the 59-labeled
4-nucleotide phosphorothiolate-substituted strand was
onverted quantitatively into a 59-labeled 12-mer after
reatment with phenyl mercuric acetate (Fig. 7A, lanes
11 thiol” on the right), thus confirming the efficiency of
ncorporation of the sulfur modification at the intended
1 position.
The rate of the forward cleavage reaction by vaccinia
opoisomerase was determined under single-turnover
onditions using otherwise identical suicide substrates
ontaining an 18-mer scissile strand with either a stan-
ard phosphodiester or a 59-bridging phosphorothiolate
t the cleavage site (Fig. 7B; control versus 11 thiol
ubstrates). The reaction with the unmodified control
ubstrate attained an endpoint of 98% covalent adduct
ormation; the apparent rate constant for cleavage of the
nmodified DNA was 0.49 s21. Reaction with DNA con-
aining the 11 phosphorothiolate proceeded to a similar
ndpoint (96% covalent adduct formation), and the ap-
arent cleavage rate constant was 0.25 s21. Thus the
hosphorothiolate substitution elicited only a slight (two-
old) decrement in the rate of the cleavage step. Treat-
ent of the 59-labeled 18-nucleotide 11 phosphorothio-
ate strand with mercury resulted in its quantitative con-
ersion into a 59-labeled 12-mer strand, thereby
onfirming sulfur incorporation (Fig. 7A). The unmodified
ontrol substrate was resistant to this treatment (Fig. 7A).
The rejoining by topoisomerase of a covalently held
CCTT strand to a 59-SH terminated strand was assayed
nder single turnover conditions as follows. First, the
opoisomerase was reacted for 15 min with the radiola-
eled phosphorothiolate-substituted equilibrium sub-
trate. An aliquot of the reaction mixture was withdrawn
religation time 0), and the mixture was simultaneously
djusted to 0.5 M NaCl and supplemented with a 100-
old molar excess of unlabeled 59 phosphorothiolate-
ubstituted equilibrium substrate. The excess unlabeled
NA ensures that any rebinding of topoisomerase that
oes occur during the protracted religation time course
ill be redirected to the competitor substrate. Aliquots of
he religation mixture were withdrawn at various times
fter the addition of salt and DNA. The products were
igested with proteinase K and analyzed by denaturing
el electrophoresis. Protease digestion of the covalent
dduct released a radiolabeled 12-mer oligonucleotide
inked to one or more amino acids; this cleavage product
igrates as a cluster well ahead of the input 34-mer
cissile strand (not shown). Religation was evinced by
he reappearance of radiolabeled 34-mer at the expensef the cleavage product as a function of time after the
ddition of salt and competitor. The amount of religated
trand increased steadily over 12 h, at which time 6% of
he DNA present initially as covalent complex had been
esealed. The initial rate of religation of the 59-SH strand
0.53% religated/h) was slower by more than 4 orders of
agnitude than the rate of single-turnover religation by a
uicide cleavage intermediate to an exogenous 59-OH
trand (Sekiguchi et al., 1997). This analysis makes clear
hat the bridging thio effect on the cleavage equilibrium
FIG. 7. Kinetic analysis of transesterification on suicide substrates
ontaining 59-bridging phosphorothiolates. (A) A series of 59 32P-labeled
8-mer strands of identical sequence (59-CGTGTCGCCCTTATTCCC)
ontaining 59-bridging phosphorothiolates at the positions specified
ere treated with mercury (Hg 1) or water (Hg 2) as described in
aterial and Methods. An unmodified control 18-mer was treated in
arallel, along with the 34-mer 11 phosphorothiolate strand shown in
ig. 6. The samples were analyzed by denaturing PAGE. An autoradio-
ram of the gel is shown. (B) The structure of the 18-mer/30-mer suicide
ubstrate is shown with the cleavage site indicated by the arrow.
eaction mixtures containing (per 20 ml) 0.5 pmol of 18-mer/30-mer and
.5 pmol of topoisomerase were incubated at 37°C. The reactions were
nitiated by the addition of enzyme. Aliquots (20 ml) were withdrawn at
s and 10 min and quenched immediately with SDS. The extent of
leavage at the 10-min reaction endpoint is shown. The cleavage value
t 5 s was normalized to the 10-min endpoint value (redefined as 100),
nd the cleavage rate constant (k) was determined by fitting the data to
he equation: 100 2 %cleavage(norm) 5 100e
2kt.
of poxvirus topoisomerase is caused by a profound dec-
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448 KROGH ET AL.ement in the rate of the religation step.
ffects of other 59 bridging phosphorothiolate
ubstitutions in the scissile strand
n single-turnover cleavage
Additional suicide substrates were prepared in which
9-bridging phosphorothiolate substitutions were intro-
uced at single sites in the 18-mer CCCTT-containing
ligonucleotide at positions flanking the scissile phos-
hodiester. Each 59-labeled 18-mer oligonucleotide was
uantitatively converted into a smaller 59-labeled product
n treatment with heavy metal; the sizes of the cleavage
roducts varied in single-nucleotide steps according to
he position of the sulfur relative to the 59-end (Fig. 7A).
The 21 phosphorothiolate substrate, containing a
CCTTp2Ap(s)T sequence, was cleaved by topoisomer-
se to the same extent (98% covalent adduct) and with
early the same apparent rate constant (0.41 s21) as the
nmodified suicide substrate. The 12 and 13 phospho-
othiolate substrates, containing CCCTp(s)Tp2AT and
CCp(s)TTp2AT sequences, respectively, were also
leaved to similar extents (94–96%) and at similar rates
0.35–0.42 s21) as the standard suicide substrate (Fig.
B). It appears that poxvirus topoisomerase is generally
olerant of 59 bridging phosphorothiolates in the scissile
trand.
DISCUSSION
The large number of genera within the poxvirus family
ffords an excellent opportunity for phylogenetic analysis
f type I topoisomerases. Six poxvirus-encoded topo-
somerases beside the vaccinia enzyme have been iden-
ified through gene sequencing. The SFV, OV, MCV, and
mEPV enzymes have been characterized biochemically.
he MsEPV topoisomerase reported here is the second
xample of a topoisomerase encoded by an insect pox-
irus. The MsEPV topoisomerase cleaves duplex DNA at
he same CCCTT target sequence used by the vaccinia,
FV, OV, MCV, and AmEPV topoisomerases. It thus ap-
ears that all poxvirus topoisomerases recognize this
lement.
Extensive studies of the interface of topoisomerase
ith the CCCTT target site have been performed with the
accinia enzyme (Shuman and Turner, 1993; Sekiguchi
nd Shuman, 1994a, 1995, 1996). Much is known about
he contribution of specific DNA moieties to DNA binding
nd cleavage. Studies of the protein side of the topo-
somerase-DNA interface provide an account of transes-
erification chemistry (Shuman, 1998) but reveal little
bout sequence recognition. The presumed atomic in-
eractions between amino acid side chains and the nu-
leotide bases within the CCCTT sequence are unde-
ined. It is reasonable to assume that such interactions
ill be mediated by side chains that are conserved in all
f the poxvirus topoisomerases. Clarification of the basispoxvirus topoisomerase bound to its DNA target. The
resent work highlights the potential for using MsEPV
opoisomerase and 59 bridging phosphorothiolate-sub-
tituted duplex DNA for trials of cocrystallization of the
ovalent topoisomerase–DNA complex. Phosphorothio-
ate-substituted DNA proved critical to the cocrystalliza-
ion of human topoisomerase I bound covalently to DNA
Redinbo et al., 1998).
Previous studies showed that covalent adduct forma-
ion by vaccinia topoisomerase was slowed significantly
y nonbridging phosphorothioate substitution at the scis-
ile phosphate (Stivers et al., 1994). Here, we find that the
ntroduction of a 59-bridging phosphorothiolate at the
cissile phosphate had only a minor impact (twofold rate
eduction) on single-turnover cleavage. The finding that
his modification did not increase the rate of cleavage
uggests that the reaction rate is not limited by the step
f expelling the 59-OH leaving group (insofar as the
9-thiol might be expected to be a better leaving group
han the 59-OH). The previously documented effects of
9-bridging phosphorothiolates in skewing the cleavage-
eligation equilibrium of tyrosine recombinases and type
B topoisomerase toward the covalent state (Burgin et al.,
995) can now be attributed entirely to suppression of
he rate of religation. In the case of the vaccinia topo-
somerase, the attack of 59-SH DNA on the covalent
opoisomerase–DNA complex is slower by a factor of at
east 1024 compared with the rate of attack by 59-OH
NA. Hwang et al. (1999) reported recently that MCV
opoisomerase is capable of binding and transesterifying
o a duplex equilibrium substrate containing a single
9-bridging phosphorothiolate at the CCCTTp2(s)N po-
ition, but they did not determine the effects of phospho-
othiolate substitution on the cleavage equilibrium con-
tant of the MCV enzyme or the component rate con-
tants for the cleavage and religation steps.
The role played by the type I topoisomerases in the
oxvirus life cycle remains unclear. The topoisomerase
ene is essential for vaccinia replication (Shuman et al.,
989). We presume that the respective topoisomerase
enes are also essential for the replication of other
oxviruses, but this has not been proved. The MsEPV
opoisomerase gene is predicted, based on the DNA
equence, to be expressed at late times in the replicative
ycle. The topoisomerase translation initiation codon re-
ides within the sequence TAAATG, which is character-
stic of poxvirus late promoters (Davison and Moss,
989). Also, the MsEPV topoisomerase gene contains
nternal TTTTTNT sequences that act as transcription
ermination signals during poxvirus early transcription
Yuen and Moss, 1987). These signals are usually ex-
luded from coding sequences expressed early but oc-
ur frequently within late genes because the early termi-
ation signal is not used during late transcription. The
opoisomerase genes of other poxviruses are also pre-
icted to be expressed late.
The findings that all poxvirus topoisomerases recog-
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449ENTOMOPOXVIRUS DNA TOPOISOMERASEize the same pentapyrimidine cleavage element are
emarkable in light of the extreme variations in the base
omposition of the respective poxvirus genomes. For
xample, MsEPV is 82% A1T (Afonso et al., 1999), vac-
inia is 67% A1T (Johnson et al., 1993), and Molluscum
ontagiosum is 36% A1T (Senkevich et al., 1997). One
magines that the conserved cleavage site specificity of
he poxvirus topoisomerases is somehow relevant to
heir biological functions at the late stage of virus repli-
ation. In that case, the number and distribution of po-
ential pentapyrimidine cleavage sites (CCCTT, TCCTT,
nd CTCTT; Shuman, 1991) within the viral genomes
ight provide instructive functional clues.
In the case of MsEPV, there are 18 CCCTT sites, 230
CCTT sites, and 70 CTCTT sites in the 236-kbp genome.
t is noteworthy that many of the TCCTT sites are clus-
ered within the MsEPV inverted terminal repeats: the left
TR contains 13 TCCTT elements of the same strand
olarity and the left ITR contains 11 TCCTT elements of
he opposite strand polarity; the sites are spaced at
egular intervals that are multiples of 69 nucleotides.
hese sites occur within the 69-bp direct repeats that
ompose part of the 7-kbp MsEPV ITRs. The genome of
accinia (strain Copenhagen) contains 85 CCCTT sites,
57 TCCTT sites, and 630 CTCTT sites. Most remarkably,
he left ITR contains 137 CTCTT sites of the same strand
olarity and the left ITR contains 137 CTCTT sites of the
pposite strand polarity. The CTCTT sites are located
ithin the tandem 69-bp direct repeats (two sites per
irect repeat), 70-bp direct repeats (three sites per re-
eat), 125-bp direct repeats (five sites per repeat), and
4-bp repeats (two sites per repeat) that compose most
f the 12-kbp vaccinia ITRs. There also are 8 TCCTT sites
n each vaccinia ITR, with 69-bp interval spacing. The
enome of variola major virus (strain Bangladesh) con-
ains 88 CCCTT, 417 TCCTT, and 421 CTCTT sites (Mas-
ung et al., 1994). Each variola ITR (0.7-kbp) includes a
luster of 12 CTCTT sites of like strand polarity located
ithin tandem 69-bp direct repeats (three CTCTT sites
er repeat).
Recruitment of topoisomerase to binding sites in the
ubtelomeric regions of the ITRs of MsEPV, vaccinia, and
ariola would be consistent with previous suggestions
hat topoisomerase either facilitates viral DNA packag-
ng during virus morphogenesis by virtue of its ability to
ynapse distant segments of duplex DNA (Shuman et al.,
997) or participates in formation of the hairpin telo-
eres via its ability to resolve Holliday junctions (Sekigu-
hi et al., 1996; Palaniyar et al., 1999). On the other hand,
otential topoisomerase cleavage sites in the MCV ge-
ome (191 CCCTT, 301 TCCTT, 408 CTCTT) are not ar-
ayed with regular spacing in the 4.7-kbp MCV ITRs
Senkevich et al., 1997). Ultimately, an appreciation of the
onnection between topoisomerase cleavage site spec-
ficity and poxvirus biology will require, in addition to
igh-resolution structural analysis, an effort to engineerficity and to assess how well such mutant topoisomer-
ses support virus replication in vivo.
MATERIALS AND METHODS
7-based vector for expression of MsEPV
opoisomerase
Oligonucleotide primers complementary to the 59 and
9 ends of the MsEPV topoisomerase gene were used to
mplify the open reading frame. An MsEPV genomic
lone (generously provided by Dr. Claudio Afonso) was
sed as the template for the PCR catalyzed by Pfu DNA
olymerase. The sense-strand primer (59-AATATCAA-
ATATGAGAAAAAAATAT) was designed to introduce an
deI restriction site at the translation start codon of the
opoisomerase gene. The antisense primer (59 CATATAT-
AGATCTTTTATATAG) introduced a BglII site 39 of the
top codon. The 1-kbp PCR product was digested with
deI and BglII and then cloned into the NdeI and BamHI
ites of the T7-based expression plasmid pET3c. The
esulting plasmid, pET-Ms-topo, was transformed into E.
oli BL21. The entire viral DNA insert in pET-Ms-topo was
equenced to exclude the introduction of unwanted mu-
ations during amplification and cloning. The amino acid
equence of the polypeptide encoded by pET-Ms-topo
as identical to that reported by Afonso et al. (1999).
xpression and purification of MsEPV topoisomerase
A 1-liter culture of E. coli BL21/pET-Ms-topo was
rown at 37°C in Luria-Bertani medium containing 0.1
g/ml ampicillin and 0.2% maltose until the A600 reached
.4. The culture was adjusted to 0.4% glucose and 10 mM
agnesium sulfate and then infected with bacteriophage
CE6 as described (Shuman et al., 1988). Incubation was
ontinued at 37°C for 4 h. Cells were harvested by
entrifugation, and the pellet was stored at 280°C. All
ubsequent procedures were performed at 4°C. Thawed
acteria were resuspended in 100 ml of lysis buffer (50
M Tris–HCl, pH 7.5, 1 mM DTT, 10 mM EDTA, 10%
ucrose) containing 0.15 M NaCl and 0.1 mg/ml lysozyme.
fter incubation on ice for 40 min, Triton X-100 was
dded to 0.1%, and then the lysate was sonicated to
educe viscosity and subsequently clarified by centrifu-
ation for 60 min at 15,000 rpm in a Sorvall SA-600 rotor.
he soluble lysate (400 mg of protein) was applied to a
0-ml column of phosphocellulose that had been equili-
rated in buffer A (50 mM Tris–HCl [pH 7.5], 2.5 mM DTT,
mM EDTA, 10% glycerol, 0.1% Triton X-100) containing
.2 M NaCl. The column was serially washed with 100 ml
f buffer A containing 0.2 M NaCl and 70 ml of buffer A
ontaining 0.4 M NaCl. The column was then eluted with
100-ml linear gradient of 0.4–1 M NaCl in buffer A. The
eak topoisomerase fractions were pooled (14 mg of
rotein) and diluted with buffer A to reduce the NaCl
oncentration to 0.1 M. The diluted phosphocellulose
fraction was applied to a 2-ml column of heparin agarose
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450 KROGH ET AL.hat had been equilibrated with buffer A containing 0.1 M
aCl. The column was washed serially with 35-ml vol-
mes of buffer A containing 0.1 M and 0.2 M NaCl and
hen eluted with a 50-ml linear gradient of 0.2–1 M NaCl
n buffer A. Protein concentrations were determined by
sing the dye-binding method (Bio-Rad) with BSA as the
tandard.
lycerol gradient sedimentation
An aliquot of the peak heparin agarose fraction was
pplied to a 4.8-ml 15–30% glycerol gradient containing
0 mM Tris–HCl (pH 7.5), 2.5 mM DTT, 1 mM EDTA, 0.4 M
aCl, and 0.1% Triton X-100. A separate aliquot of the
eparin agarose fraction was mixed with catalase, BSA,
nd cytochrome c and then applied to a second 4.8-ml
5–30% glycerol gradient in the same buffer. The gradi-
nts were centrifuged at 50,000 rpm for 16 h at 4°C in a
eckman SW50 rotor. Fractions were collected from the
ottoms of the tubes.
NA relaxation assay
Reaction mixtures containing (per 20 ml) 50 mM Tris–
Cl (pH 7.5), 0.3 mg of pUC19 plasmid DNA, topoisom-
rase, and other components as specified were incu-
ated at 37°C. The reactions were initiated by adding
nzyme and quenched by adding a solution containing
DS (0.3% final concentration), glycerol, and bromophe-
ol blue. Samples were analyzed by electrophoresis
hrough a horizontal 1% agarose gel in TBE buffer (90
M Tris-borate, 2.5 mM EDTA). The gels were stained in
0.5 mg/ml ethidium bromide solution and photographed
nder short-wave UV illumination.
uicide cleavage assay
An 18-mer CCCTT-containing DNA oligonucleotide
as 59 end-labeled by enzymatic phosphorylation in the
resence of [g-32P]ATP and T4 polynucleotide kinase and
hen gel purified and hybridized to complementary unla-
eled 5-phosphate-terminated 30-mer strand (present at
ourfold molar excess). Cleavage reaction mixtures con-
aining (per 20 ml) 50 mM Tris–HCl (pH 7.5), 18-mer/30-
er DNA as specified, and topoisomerase were incu-
ated at 37°C. Covalent complexes were denatured by
he addition of SDS to 1%. The samples were electropho-
esed through a 10% polyacrylamide gel containing 0.1%
DS. Free DNA migrated near the bromophenol blue dye
ront. Covalent complex formation was revealed by trans-
er of radiolabeled DNA to the topoisomerase polypep-
ide. The extent of covalent adduct formation was quan-
ified by scanning the dried gel using a FUJIX BAS2500
hosphorImager.
quilibrium cleavage assay
A 34-mer oligonucleotide containing a CCCTT element
as 59 end-labeled and then gel purified and annealed toourfold molar excess). Cleavage reaction mixtures con-
aining (per 20 ml) 50 mM Tris–HCl (pH 7.5), 34-mer/60-
er DNA as specified, and topoisomerase were incu-
ated at 37°C. Covalent complexes were denatured by
he addition of SDS to 1%. The samples were digested for
0 min at 37°C with 10 mg of proteinase K. The digests
ere then adjusted to 47% formamide, heat denatured,
nd electrophoresed through a 17% polyacrylamide gel
ontaining 7 M urea in TBE. Alternatively, the DNA was
ecovered by ethanol precipitation, resuspended in for-
amide, and then analyzed by electrophoresis. The
leavage product, a 32P-labeled 12-mer oligonucleotide
ound to a short peptide, was well resolved from the
nput 34-mer substrate. The extent of strand cleavage
as quantified by scanning the wet gel with a Phosphor-
mager.
ynthesis and analysis of 59-bridging
hosphorothiolate DNA
The 59-bridging phosphorothiolate-substituted oligo-
ucleotides were synthesized using 59-(S-dimethoxytri-
yl)-adenosine or 59-(S-dimethoxytrityl)-thymidine and
tandard b-cyanoethyl-phosphoramidite chemistry
Hwang et al., 1999). The phosphorothiolate-substituted
NAs were 59-labeled, gel purified, and then analyzed by
leavage with water-saturated phenyl mercuric acetate
Hwang et al., 1999). Control DNA samples treated with
ater were processed in parallel. The reaction products
ere analyzed by electrophoresis through a 12% poly-
crylamide gel containing 8 M urea in 0.53 TBE.
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